
Powder Technology 297 (2016) 183–192

Contents lists available at ScienceDirect

Powder Technology

j ourna l homepage: www.e lsev ie r .com/ locate /powtec
Synthesis and characterisation of advanced ball-milled Al-Al2O3

nanocomposites for selective laser melting
Quanquan Han, Rossitza Setchi ⁎, Sam L. Evans
School of Engineering, Cardiff University, Cardiff CF24 3AA, UK
⁎ Corresponding author.
E-mail address: Setchi@cardiff.ac.uk (R. Setchi).

http://dx.doi.org/10.1016/j.powtec.2016.04.015
0032-5910/© 2016 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 January 2016
Received in revised form 2 April 2016
Accepted 9 April 2016
Available online 13 April 2016
Selective laser melting (SLM) offers significant potential for the manufacture of the advanced complex-shaped
aluminiummatrix composites (AMCs) used in the aerospace and automotive domains. Previous studies have in-
dicated that advanced composite powders suitable for SLM include spherical powders with homogeneous rein-
forcement distribution, a particle size of b100 μm and good flowability (Carr index b 15%); however, the
production of such composite powders continues to be a challenge. Due to the intensive impacts of grinding
balls, the high-energy ball-milling (HEBM) process has been employed to refine Al particles and disperse the
nano Al2O3 reinforcements in theAlmatrix to improve theirmechanical properties. Notwithstanding, the specific
characteristics of ball-milled powders for SLM and the effect of milling and pause duration on the fabrication of
composite powders have not previously been investigated. The aim of this study was to synthesise Al-4 vol.%
Al2O3 nano-composite powders using HEBM with two different types of milling and pause combinations. The
characteristics of the powders subjected to up to 20 h of milling were investigated. The short milling (10 min)
and long pause (15 min) combination provided a higher yield (66%) and narrower particle size distribution
range than long milling (15 min) and a short pause (5 min). The nano Al2O3 reinforcements were observed to
be dispersed uniformly after 20 h of milling, and the measured Carr index of 13.2% indicated that the ball-
milled powder offered good flowability. Vickers micro-hardness tests indicated that HEBM significantly im-
proved the mechanical properties of the ball-milled powders.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metal matrix composites (MMCs) offer high specific strength and
good wear resistance with various applications in the aerospace, de-
fence and automotive industries [1–3]. Amongst the MMCs,
aluminium-based matrix composites (AMCs) are increasingly being
used due to their light weight, high specific stiffness, excellent wear re-
sistance and controllable expansion coefficient [4–6]. A wide range of
reinforcement particulates such as Al2O3, SiC, B4C, AlN, TiC, TiO2 and
TiB2 have been used [7], but compared to other reinforcements, nano-
scale Al2O3 particulates are capable of improving both theirwear behav-
iour and high temperature properties without introducing any
undesirable phases and are therefore widely used in AMCs [8].

Studies have shown that the strength of Al-Al2O3 nanocomposites
increases with the volume fraction of nano Al2O3; however, the
strengthening effect is found to level off when the volume fraction is
above 4 vol.%, which is attributed to the clustering of nano Al2O3 partic-
ulates [9,10]. Therefore, recent research has concentrated on the devel-
opment of advanced Al-4 vol.% Al2O3 nanocomposites. Nonetheless, the
. This is an open access article under
applications of Al-Al2O3 composites have been limited to very specific
areas such as aerospace and defence due to their high processing costs
and the lack of a feasible fabrication method [1]. Compared to tradi-
tional manufacturing technologies such as casting, extrusion and com-
puter numerical control (CNC) machining, additive layer
manufacturing (ALM) has become one of the most rapidly developing
advanced manufacturing technologies in the world. ALM is based on
the layer-by-layer manufacturing principle and provides an integrated
way of manufacturing three-dimensional (3D) complex-shaped com-
ponents from computer-aided design (CAD) files [11,12]. Amongst the
ALM techniques, selective laser melting (SLM) is being used widely to
manufacture 3D-complex shaped metallic parts [13]. Therefore, the
SLM of advanced Al-Al2O3 nanocomposites is expected to offer signifi-
cant potential in the fabrication of advanced customised engineering
components such as automobile engine pistons, cylinder liners and
brake drums [14].

On the other hand, ametallic powder suitable for SLM should gener-
ally offer spherical morphology, good flowability and a small particle
size (1–100 μm) with a narrow particle size distribution range. Studies
have shown that hot-pressed parts manufactured using Al-Al2O3 pow-
der with an average grain size of 50 nm provide a yield strength of
661 MPa [10]. Therefore, it is crucial to produce this type of advanced
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Al-4 vol.% Al2O3 nanocomposite powder for use in the SLM process.
High-energy ballmilling (also known asmechanicalmilling) has proved
to be a simple and effective technique to refine particle grain size
(~100 nm) and disperse reinforcement materials homogeneously in a
metal matrix [15–17]. Another advantage of high-energy ball milling
lies in its ability to produce bulk quantities of solid-state materials
using simple equipment at room temperature.

Accordingly, the aim of this work is to synthesize an advanced Al-
Al2O3 nanocomposite powder for SLM using HEBM with two different
types of milling and pause combinations. This study aims to expand
the potential applications of the SLM process in producing advanced
MMCs components. Compared to previous studies, the main novelty
of this work is that it investigated the effect of milling and pause dura-
tion on the fabrication of ball-milled powders for SLM, which has not
been researched in other studies. The systematic analytical methods
used to evaluate the characteristics of the ball-milled powders suitable
for SLM was considered to be another novelty of this work. The
employed analytical techniques and advanced metrology methods in
this study can also be used to explore the synthesis of other new mate-
rials used for SLM.

2. Related work

The high-energy ball-milling process was initially employed to pro-
duce oxide dispersion strengthened (ODS) nickel and iron-based super
alloys for use in the aerospace industry [18]. After almost 40 years of de-
velopment, the technique was shown to be capable of producing differ-
ent types of advanced materials, including amorphous alloy powders,
nanocrystalline powders, and composite and nanocomposite powders
[19].

Amongst the early studies of this technique, Prabhu et al. [20]
employed a SPEX mill to synthesize Al-Al2O3 composite powders with
volume fractions of 20%, 30% and 50% and found that the Al2O3 rein-
forcement materials were distributed homogeneously in the Al matrix
after 20 h of milling at a ball-to-powder weight ratio of 10:1. Zebarjad
and Sajjadi [1] investigated the physical and mechanical properties of
the aluminium-alumina composites produced by the mechanical mill-
ing method and found that the milling time had a significant effect on
themechanical and physical properties of the composites; however, in-
creasing themilling timewas shown to have no significant effect on the
properties when the steady state was achieved. In another study of the
effect of milling on composite microstructures [21], it was found that at
the beginning of the process the powders tended to absorb iron, and the
trend gradually decreased until the steady state. Moreover, the increase
of milling time contributed to the formation of fine alumina particulates
and their uniform distribution performance. Tousi et al. [16] employed
high-energy milling to produce Al-20 wt.% Al2O3 composite powder;
the reinforcement material added comprised submicron α-alumina
particles. Consequently, the distribution of the alumina particles in the
Al matrix was homogeneous when the steady state was achieved,
which increased the hardness of the milled powder.

More recently, Khorshid et al. [22] investigated themechanical prop-
erties of aluminium matrix composites reinforced by two sizes of alu-
mina particles (35 nm and 0.3 μm) by wet attrition milling, and found
that the hardness and yield strength improved with the increased
amount of alumina; nonetheless, when the fraction exceeded 4 wt.%,
both the hardness and strength decreased. Poirier et al. [10] studied
the mechanical properties of ball-milled Al-Al2O3 nanocomposites and
established that the hardness of the composites was five times higher
than pure unmilled Al; a decrease in the Al2O3 particle size from
400 nm to 4 nm led to a 11% increase in the hardness of the composites.
Su et al. [23] investigated the processing, microstructure and tensile
properties of Al-Al2O3 nano composites by ball milling and ultrasonic
treatment. They determined that, compared to an aluminium alloy ma-
trix, the ultimate tensile strength and yield strength of the Al-1 wt.%
Al2O3 composite increased by 37% and 81%, respectively; this can be
explained by the grain refinement and homogeneous dispersion of the
nano reinforcements.

Nevertheless, none of the aforesaid researchers employed HEBM to
produce advanced Al-Al2O3 nanocomposite powders suitable for SLM,
and further, the effect of milling and pause duration on the fabrication
of Al-Al2O3 nanocomposites has not been investigated. This study there-
fore investigated the yield difference when employing two sets of mill-
ing and pause time combinations, and explored the characteristics of
advanced composite powder following up to 20 h of milling.

3. Materials and procedures

3.1. Raw materials and apparatus

RawAl and Al2O3 powderswere obtained from commercial vendors.
Raw Al powder (−325 mesh, 99.5%) was acquired from the Alfa Aesar
Corporation (Ward Hill, MA), and Al2O3 powder (b50 nm particle
size) was obtained from Sigma-Aldrich Ltd. (Dorset, UK). Fig. 1a and b
show the irregular shape of the raw Al and high surface energy-
induced Al2O3 clusters. The particle size distribution of the Al and
Al2O3 were measured using the Malvern Mastersizer3000 (Malvern,
U.K.) and Philips CM12TEM (FEI U.K. Ltd. Cambridge, U.K.), respectively.
Fig. 1c shows the average particle size of rawAl and Al2O3 powder were
17.1 μm and 10.37 nm, respectively. A laboratory planetary mill with
four working stations (PULVERISETTE 5 classic line, Fritsch GmbH,
Idar-Oberstein, Germany)was employed to conduct the ball-milling ex-
periments (Fig. 1d) in this study.

3.2. Methods and procedures

A stainless steel bowl was loaded with 200 g Al and 4 vol.% of Al2O3

powderswith a ball-to-powderweight ratio of 5:1;meanwhile, to iden-
tify the effect of the nanoscale Al2O3 reinforcements on the ball-milled
composite powders, 200 g of Al without Al2O3 was loaded into another
stainless steel bowl. To prevent excessive cold-welding, 3wt.% of stearic
acid, which functioned as a process control agent (PCA), was added to
each bowl. Further, to prevent oxidation during the ball-milling process,
the grinding bowls were filled with argon gas, and a lock device was
used to gas-tight seal the bowls in the glove box. The milling speed
was set at 350 rpm, and the samples were taken out every 4 h for anal-
ysis until 20 h of milling had been completed. To investigate the influ-
ence of the milling and pause time on the yield and powder
characteristics, two sets of experiments were conducted separately;
the first set of experiments employed a 15-minute milling and 5-
minute pause combination (further referred to in this paper as method
1) while the second experiment involved a 10-minute milling and 15-
minute pause combination (method 2).

The composite powder ball-milled for 20 h was subject to sieving to
obtain a powder suitable for the SLM process. A standard 170 mesh
sieve (90 μm) was employed for this purpose. The weight loss (WΔ)
and yield (φ) can be expressed as:

WΔ ¼ Wi �Wo ð1Þ

φ ¼ W90

Wi
� 100% ð2Þ

where Wi and Wo denote the weight of input and output after 20 h of
milling, respectively, and W90 represents the weight of the powders
that passed through the sieve with a particle size of b90 μm.

To measure the flow behaviour of the sieved ball-milled powders,
the Carr index (CI) was used. The Carr index is the ratio of the difference
between the apparent volume and the tapped volume to the apparent



Fig. 1. Raw materials and apparatus: (a) raw Al, (b) nano Al2O3, (c) particle size distribution of raw Al and Al2O3 powder, (d) the ball mill.
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volume, and can be expressed as [24,25]:

CI ¼ VA � VT

VA
� 100% ð3Þ

where VA denotes the apparent volume that results frompouring the
powder into a heap or container in the absence of any applied compres-
sion, and VT represents the tapped volume resulting from the applica-
tion of compression, for example, impact or vibration. Generally, a
Carr index of b15% is considered to be an indicator of good flowability
while N20% indicates poor flowability [26]. The apparent and tapped
volumes of the sieved ball-milled powders were measured in terms of
ASTM D7481-09 to calculate the Carr index using a 100 mL standard
graduated cylinder.

Othermetrology and analytical techniqueswere employed for phase
identification, grain size and uniformity evaluation, flow behaviour
analysis andmicro-hardnessmeasurement formicrostructural changes.
More specifically, scanning electron microscopy (SEM) was used to ob-
serve the powders' morphology evolution. In addition to phase identifi-
cation, X-ray powder diffraction (XRD) was also used to evaluate the
average grain size when the grain size was b100 nm. The average
grain size d can be expressed using the Scherrer equation [27]:

d ¼ 0:9λ
β cosθ

ð4Þ
where β and θ denote the full width at half maximum (FWHM) and
Bragg angle, respectively, and λ is the wavelength of the X-radiation.
Transmission electron microscopy (TEM) together with energy-
dispersive X-ray spectroscopy (EDS) was used to evaluate the unifor-
mity of the nanoscale Al2O3 in the Al matrix by measuring the atomic
and weight percentages of the constituent elements. On the other
hand, theweight percentage of the Al elements in the Al-Al2O3 compos-
ite was determined by

W% ¼
W1 þ 9

17
∙W2

W1 þW2
� 100% ð5Þ

where W1 and W2 denote the weight of Al and Al2O3 powders, respec-
tively. This indicator can be used to verify the validity of the results
from the TEM and EDS analyses.

To investigate the effect of both ball milling and nano Al2O3 rein-
forcements on the powders' mechanical properties, the Al and Al-
Al2O3 composite ball-milled for 20 h as well as the raw Al powders
were separately mounted in carbon-filled phenolic resins. The speci-
mens were polished before micro-hardness testing. The Micro-Vickers
Hardness Testing Machine HM-101 (Mitutoyo UK Ltd) was employed
to measure the specimens' micro-hardness. The average Vickers hard-
ness of each specimen was determined by measuring four different in-
dentations with an applied load of 50 g.



Fig. 2. Two types of composite powder ball-milled for 20 h.

Fig. 3. The particle size distribution and yield of the sieved composite powders.
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4. Results and discussion

4.1. Particle size distribution and yield evaluation

Fig. 2a and b show two types of Al-4 vol.% Al2O3 composite powder
ball-milled for 20 h when employing two different combinations of
milling and pause duration. More specifically, when the milling and
pause time were set at 15 and 5 min, respectively (method 1), some
large and plate-like particles formed in the ball-milled composite pow-
der (Fig. 2a), which can be attributed to the agglomeration of the very
fine composite powder. Nevertheless, very few plate-like particles
were found in the composite powder when employing the 10-minute
milling and 15-minute pause combination (method 2, Fig. 2b).

To produce advanced Al-Al2O3 nanocomposite powders suitable for
the SLM process, both types of composite powder were subject to siev-
ing. The particles that passed through the 170 mesh sieve (≤90 μm) are
shown in Fig. 2c and d, that is, Fig. 2c shows the sieved composite pow-
der fabricated bymethod 1 (15+5min)while Fig. 2d shows the sieved
composite powder produced bymethod 2 (10+ 15min). Compared to
themethod 1-produced composite powder, the composite powder pro-
duced bymethod 2 offered amuch smaller particle size andmore spher-
ical particle shape.

Further, the particle size distribution of the two sieved composite
powders was obtained using the Malvern Mastersizer3000 (Fig. 3a).
Following ball milling for 20 h, the composite powder from method 1
provided an average particle size of 45 μmwith a broad range of particle
sizes between 5 and 90 μmwhilemethod 2 produced a composite pow-
der exhibiting an average particle size of 25 μm with a much narrower
particle size range between 2 and 55 μm. Therefore, from a particle
size distribution point of view, the sieved composite powder ball-
milled for 20 h frommethod 2would bemore suitable than themethod
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1-produced composite powder for the SLM process for two reasons.
First, small particles tend to provide larger surface areas and thus con-
tribute to a higher laser energy absorption rate during the laser melting
stage than large particles, and second, the particles with a narrow range
of particle sizes could ensure high dimensional accuracy in each powder
layer during the powder deposition stage and further ensure the dimen-
sional accuracy of the final parts.

In addition to particle size distribution, yield was another key factor
employed to evaluate the two methods used to produce advanced SLM
suitable Al-Al2O3 nanocomposites. In both experiments, the weight of
the input (Wi) was 218 g, which consisted of 200 g Al, 4 vol.% of Al2O3

(12 g) and around 3 wt.% of stearic acid (6 g). When method 1 was
employed, the weight of the output (Wo) was approximately 214.5 g
compared to 216 g frommethod 2. Due to the presence of sufficient lu-
bricant, almost no powder was found sticking to the surface of the
grinding bowls and balls after 20 h of milling. In terms of Eq. (1), the
weight loss (WΔ) in the two experiments was 3.5 g and 2 g for methods
1 and 2, respectively. Moreover, after sieving, the weights of the parti-
cles with a particle size of b90 μm (W90) were 98 g and 144 g, respec-
tively. Yields (φ) of 45% (method 1) and 66% (method 2) can thereby
be determined using Eq. (2).

It should be noted that method 1 provided a high weight loss and
low yield while method 2 offered a low weight loss and relatively high
yield, which can be attributed to the different weights of the stearic
acid that remained in the composite powders after 20 h of milling. In-
deed, due to the intensive impacts of the grinding balls during ball mill-
ing, the temperature in the bowls increased gradually, and when the
temperature was over 90 °C, the lubricant (stearic acid) started to vola-
tilise, which led to the welding and agglomeration of the refined com-
posite powder. Generally, a short milling and long pause time
combination together with built-in fans could cool the grinding bowls
better than a longmilling and short pause time combination. Therefore,
the weight loss (WΔ) of 3.5 g and 2 g for methods 1 and 2, respectively,
can be primarily attributed to the volatilisation of the stearic acid.

Nonetheless, it should also be noted that a relatively short milling
and long pause time combination tends to consume more working
time and electrical energy. An understanding of this is crucial for engi-
neers to optimise the process parameters to improveworking efficiency
when the high-energy ball-milling process is used to produce large
quantities of advanced engineering materials.
Fig. 4. The morphological evolution of the Al-Al2O3 com
4.2. SEM morphological evolution and flowability analysis

Themorphology of the composite powder was considered to be im-
portant to determinewhether itwould be suitable for SLMas thiswould
affect the powder's flow behaviour in the powder layer deposition
stage. Fig. 4 shows themorphological evolution of the Al-Al2O3 compos-
ites and Al powders following up to 20 h of millingwhenmethod 2 was
used.

More specifically, Fig. 4a shows the morphology of the composite
powder ball milled for 4 h; it can be seen that the welded particles
were irregular shapes and had particle sizes of N100 μm, which can be
explained by the ductile nature of Al. With the continued milling pro-
cess, the fracture mechanism was activated, and some large particles
were crushed due to intensive impacts,which resulted inmorphological
changes and particle size reduction (Fig. 4b).When themilling timewas
increased to 16 h, the fracture phenomenon was more prominent and a
considerable number of small particles (particle size around 20 μm)
were formed. Meanwhile, some particles exhibited nearly spherical
shapes whilst a few large particles remained (Fig. 4c).When themilling
time was extended to 20 h (Fig. 4d), the composite powder offered a
much narrower particle size range and more nearly spherical particles
were formed. In fact, there was no apparent change in the particle size
and morphology when the milling time was over 20 h, and this can be
attributed to the achieved steady state between the cold-welding and
fracture mechanisms. However, Tousi et al. [16] found that the Al-
Al2O3 composite powder could reach steady state when the milling
time was up to 15 h. This can be explained by the employment of pro-
cess parameters, that is, in the present work, the employed ball-to-
powder weight ratio was 5:1 compared to the 15:1 in the literature. A
higher ball-to-powder weight ratio could generate more intensive im-
pacts of the grinding balls and thereby shorten the milling time. On
the other hand, the higher weight ratio tended to produce a smaller
quantity of milled powder in one milling.

To investigate the effect of the added nano Al2O3 on the powders'
morphological evolution, the morphologies of the Al powder subjected
to 8 and20h ofmillingwere also examined and are shown in Fig. 4e and
f. It can be seen that, compared to the composite powder ball-milled for
8 h, the Al powder ball-milled for 8 hwas still in the plastic deformation
stage, and cold-welding was the prominent mechanism as most of the
particles were plate-like in shape. This can be explained by the fact
posites and Al powders ball-milled for up to 20 h.
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that the added 4 vol.% of nano Al2O3 particulates functioned as the
grinding media in the composite powder ball-milled for 8 h. Together
with the loaded grinding balls, this stimulated and shortened the plastic
deformation duration, and the fracturemechanismwas activated ahead
of 8 h of milling. When both the composite and Al powders ball-milled
for 20 h were compared, the former exhibited more spherical shapes
and a narrower range of particle size distribution than the latter,
which suggested that the former would be more suitable for the SLM
process and would offer better flowability.

Composite powders' flowability is considered crucial for the SLM
process as it determines the powder's deposition performance. Gener-
ally, good-flowing powders generate powder layers with continuous
and uniform thickness while poor-flowing powders lead to non-
uniform layers, which are detrimental to the dimensional accuracy
and mechanical properties of the final parts. The Carr index can be
used to evaluate the flow behaviour of advanced ball-milled Al-Al2O3

composite powders. As mentioned previously, powders with a Carr
index of b15% are considered to have good flowability while a Carr
index N20% implies poor flowability.

Fig. 5 shows themeasurement results for 55 g of rawAl and the same
mass of Al and Al-Al2O3 composite powders ball-milled for 20 h. The
measured apparent and tapped volumes for the raw Al were 51 mL
and 38 mL, respectively. The tapped volume was obtained by tapping
the 100 mL cylinder 500 times and measuring the tapped volume to
the nearest graduated unit. Using Eq. (3), the Carr index was deter-
mined to be 25.5%. Likewise, the measurements of the Al and Al-Al2O3

composite powders ball-milled for 20 h were taken, and further, the
Carr index values were determined to be 17.5% and 13.2%, respectively.

The results indicated that amongst the three powders, the Al-Al2O3

composite powder ball-milled for 20 h exhibited the best flowability
followed by the Al ball-milled for 20 h, while the raw Al offered poor
flowability with a Carr index of 25.5%. This can be explained by two fac-
tors, the first of which is the powder's morphological evolution. Gener-
ally, spherical powders tend to have better flowability than non-
spherical powders. The morphologies of the raw Al and the Al and Al-
Al2O3 composite powders ball-milled for 20 h are shown in Figs. 1 and
4, respectively. As shown, some of the composite particles have a nearly
spherical shape while most of the Al powder ball-milled for 20 h is
equiaxed in shape; the raw Al however exhibits an irregular shape.
The second factor is the addition of the stearic acid, which functioned
as a lubricant and further improved the flow behaviour of the ball-
milled powders by reducing the friction between adjacent particles.

Therefore, it can be concluded that the raw Al powder was likely to
be unsuitable for the SLM process because, during the powder layer de-
position, a non-uniform layer could be generated, resulting in poor di-
mensional accuracy of the final parts. Notwithstanding, when
employing a combination of 10-minute milling and a 15-minute
Fig. 5. Flowability measurem
pause, the produced advanced Al-Al2O3 composite powder ball-milled
for 20 h not only provided an ideal particle size distribution, but also of-
fered good flowability and was therefore considered to be suitable for
the SLM process.

4.3. Phase identification and uniformity evaluation

To investigate contamination and the phases formed during the ball-
milling process, the XRD patterns of the composites and Al powders fol-
lowing up to 20 h of milling were measured and are shown in Fig. 6.
More specifically, after 20 h of milling, the diffraction patterns of the
milled Al still exhibited typical aluminium peaks, but thesewere broad-
ened, which could be attributed to refinement of the Al grains. It also in-
dicated that the iron elements from the grinding bowl and balls were
not present or were below the levels of detection. This finding was in
agreement with [27], in which the observed XRD patterns of Al broad-
ened and mean grain size reduced until the milling time was up to
24 h. This phenomenon validated the hypothesis that the ball milling
significantly contributed to the grain refinement. Nonetheless, the
peaks of the composite powder ball-milled for 20 h exhibited a slightly
horizontal offset and relativelyweak intensity compared to the 20 hour-
milled Al. This can be explained by the fact that the nano Al2O3 rein-
forcements were embedded in the Al matrix, which also broadened
the peaks of the composite powder.

It should also be noted that the patterns of the Al2O3 powder were
not detected in the XRD spectrum, this however was different from
the observation elsewhere [20], where the spectrum of nano Al2O3

powder was detected in the composite powder's XRD diffraction pat-
terns. This can be attributed to the fact that the employed volume frac-
tion of Al2O3 powder in [20] ranged from 20% to 50%, which was much
higher than the volume fraction used in the present work (4 vol.%). It
can be seen that the measured FWHM of the 20 hour-milled composite
powderwas larger than that of 20 hour-milled Al, which verified the hy-
pothesis that the added nanoscale Al2O3 particulates would serve as the
grinding media and accelerate the Al powder grain refinement. The av-
erage grain size of the Al and Al-Al2O3 composite powders ball-milled
for 20 h were determined using Eq. (4) and were 48 nm and 42 nm, re-
spectively. The patterns of the Al-Al2O3 composite powder after 4 and
12 h of milling are also shown in Fig. 6, which illustrates that the
peaks broadened with the continued milling process.

The uniformity of the nano Al2O3 reinforcements in the Al matrix
was crucial for themechanical property improvement of the composite,
but the XRD spectrum could not providemore information on this. TEM
inspections however did offer a visual and qualitative evaluation. Fig. 7a
shows a typical TEM image of Al powder milled for 20 h, and some indi-
vidual Al grains can be clearly observed. Meanwhile, Fig. 7b shows the
TEM image of the composite powder ball-milled for 20 h in which the
ents and the Carr index.



Fig. 6. The XRD patterns of the Al-Al2O3 composite and Al powders ball-milled for up to 20 h.
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dispersed nanoAl2O3 particulateswere embedded in Al and the original
Al grains were split into new grains. This behaviour finally contributed
to the improvement in themechanical properties of the Al-Al2O3 nano-
composite. Another study [9] also found that the nano Al2O3 particu-
lates tended to fill in the gaps between Al powders during powder
mixing process. The particulates could pin grain boundaries and give
rise to grain-refinement to improve the mechanical properties. It was
also reported that when the volume fraction of Al2O3 was over 4%, the
nano particulates on the grain boundaries would reach saturation and
the effect of the nano particulates on grain boundary pinning could di-
minish and thereby reduce the mechanical properties of the composite.

Indeed, when subjected to external load, the Al matrix bears the
major portion of the applied load while the small dispersed particles
(Al2O3) hinder the motion of the dislocations; plastic deformation is
thereby restricted such that yield and tensile strength, as well as
Fig. 7. TEM images of the Al and Al-Al2O3 co
hardness, are improved. Even at high temperatures, the strengthening
remains and for extended time periods because thedispersed Al2O3 par-
ticulates are unreactive with the Al matrix.

Nonetheless, it was not easy to quantitatively measure the unifor-
mity of the dispersed nano Al2O3 reinforcements in the Al matrix. Com-
pared to the other analytical techniques (e.g. TEM), EDS mapping
provided a relatively accurate method to evaluate the uniformity.
Fig. 8a shows the measured area of a composite particle while Fig. 8b
shows the distribution of the two elements Al and O in the measured
image field. It can be seen that the oxygen element from alumina was
uniformly distributed in the measured image field, and only Al and O
were detected in the EDS spectrum (Fig. 8c).

The atomic andweight fractions of the Al and O elements are shown
in Table 1. Theweight percentages of the Al and O elements determined
using EDS were 97.64% and 2.36%, respectively. As the Al weight
mposite powders ball-milled for 20 h.



Fig. 8. EDS patterns of the Al-Al2O3 composite powder ball-milled for 20 h.

Fig. 9. Formed oxide films on the surface of the Al-Al2O3 composite powder.
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percentage determined using Eq. (5)was 97.34%, theweight percentage
of the O element was 2.66%. On the other hand, due to oxidation, a very
thin oxide film had formed on the surfaces of the composite particles,
and Fig. 9 shows at TEM image of the formed oxide films with a thick-
ness of 3 nm. Due to the fact that the thickness of the oxide filmwas ul-
trathin, the weight of the O element from the film was relatively low
and could be neglected when calculating the weight percentage of the
O element. Thus, the results obtained from EDS mapping and Eq. (5)
were considered to be consistent. Therefore, it can be concluded that
the nano Al2O3 particulates were dispersed uniformly in the Al matrix
after 20 h of milling.
4.4. Micro-hardness analysis

Fig. 10a shows a prepared micro-hardness testing specimen of the
Al-Al2O3 composite powder ball-milled for 20 h. Optical microscopy in-
spections indicated that the composite powders were uniformly
mounted in the phenolic resins. The obtained Vickers micro-hardness
results are shown in Fig. 10b. It can be seen that the measured micro-
hardness values of the raw Al varied from 49 HV0.05 to 58 HV0.05,
and an average micro-hardness of 52.2 HV0.05 was thereby obtained.
Table 1
Atomic andweight fractions of the elements of the composite powder ball-milled for 20 h.

Element Atomic % Weight %

Al 96.08 97.64
O 3.92 2.36
Total 100 100
Compared to the raw Al, the obtained average Vickers hardness of
the Al powder ball-milled for 20 h was 74.5 HV0.05. The significant in-
crease in micro-hardness was closely correlated to the observed
powder's microstructural evolution. More specifically, the broadened
peaks in Fig. 6 indicated the Al grain refinement induced by high-
energy ball milling and the TEM image in Fig. 7a verified that the Al
grain size was refined and reduced to around 50 nm after 20 h of mill-
ing. The Al grain refinement resulted in the increase in the grain
Fig. 10. Micro-hardness testing results.
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boundaries, which thereby restricted dislocation motion and plastic
deformation.

As for the Al-Al2O3 composite powder ball-milled for 20 h, themea-
sured averagemicro-hardness increased by 26% in comparisonwith the
Al powder ball-milled for 20 h. Likewise, this can also be explained by
the powder's microstructural changes. In the first place, the observed
FWHM of the 20 hour-milled composite powder was larger than that
of 20 hour-milled Al powder (Fig. 6), which indicated the average
grain size of the composite powder was smaller than the Al powder.

Moreover, the addition of the 4 vol.% nano Al2O3 reinforcement was
another factor that resulted in the increase in hardness. The TEM image
(Fig. 7b) and EDS spectrum (Fig. 8) indicated that the Al2O3 reinforce-
ment was distributed uniformly amongst the Al matrix up to 20 h of
milling. Further, the distance between Al2O3 particulates decreased
with the continued milling process. Therefore, both the effect of the
ball milling on the Al matrix and the effect of the Al2O3 reinforcement
contributed to the increase in the hardness of the milled composite
powder.

5. Conclusions and future research

This study explored the synthesis and characterisation of ball-milled
Al-Al2O3 nanocomposite powder for additive layermanufacturing. It in-
vestigated the effect of milling and pause duration on the yield of Al-
Al2O3 nanocomposite powder and employed advanced nano-
metrology methods and analytical techniques to study the characteris-
tics of the composite powder. The following important findings derived
from the results were presented in this paper:

(1) A combination of the short milling (10 min) and long pause
(15 min) duration used in the high-energy ball milling process
could generate a relatively high yield (66%) and narrow particle
size distribution range of ball-milled composite powder, which
would be suitable for SLM.

(2) SEM inspection showed that the composite powder ball-milled
for 20 h provided more nearly spherical particles suitable for
SLM than the Al powder milled for the same length of time. The
measured Carr index of the composite and Al powders ball-
milled for 20 h were 13.2% and 17.5%, respectively.

(3) Due to the very low volume fraction of Al2O3, only the Al phase
was detected in the XRD spectrum of the ball-milled composite
powder. The offset and shrinkage of the peaks of the composite
powder indicated Al crystal structure transformation and proper
Al2O3 embedding in theAlmatrixwhen themilling continued for
up to 20 h. TEM inspection, together with EDS analysis, verified
the homogeneous dispersion of the Al2O3 in the Al matrix.

(4) The Vickers micro-hardness of the composite powder was
93.9 HV0.05, about a 26% increase in comparison with the Al
powder ball-milled for 20 h.

The composite powder ball-milled for 20 h was considered to be
suitable for selective laser melting due to its nearly spherical morphol-
ogy, good flowability and high mechanical property. Nonetheless, the
limitations of this study offer interesting directions for future studies.
First, whilst a short milling and long pause combination generates a rel-
ative high yield for SLM, it consumes more working time and electrical
energy. An optimum milling and pause combination should be deter-
mined to balance the yield and working efficiency. Second, whilst the
ball-milled composite powder offers fine grains and great mechanical
properties, the mechanical properties of the SLM-produced parts need
to be investigated to a greater extent. Lastly, to obtain a better under-
standing of the advanced ball-milled Al-Al2O3 composite suitable for
the SLM process, materials suppliers, machine manufacturers and aca-
demic researchers should ideally work together to provide a feasible
solution.
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